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The explanation of heavy-fermion superconductivity is a long-standing challenge to theory. It is commonly thought to be connected to non-local fluctuations of either spin or charge degrees of freedom and therefore of unconventional type. Here we present results for the Kondo-lattice model, a paradigmatic model to describe heavy-fermion compounds, obtained from dynamical mean-field theory which captures local correlation effects only. Unexpectedly, we find robust s-wave superconductivity in the heavy-fermion state. We argue that this novel type of pairing is tightly connected to the formation of heavy quasiparticle bands and the presence of strong local spin fluctuations. Heavy-fermion (HF) 4f and 5f intermetallic compounds constitute a paradigm for strong electronic correlations. Their low-temperature behavior is affected by f-shell local moments subject to antiferromagnetic (AF) exchange coupling to the conduction electrons, resulting in Fermi-liquid (FL) phases with strongly renormalized Landau parameters, most notably huge effective masses [1] [2] [3] [4] . HF materials often display symmetry-breaking phases which occur either within the heavy FL [1] or compete with it [5] . While magnetic order in systems containing unscreened moments appears natural, HF superconductivity is conceptually non-trivial and indeed came as an unexpected discovery more than three decades ago [6] . By now, a wide variety of f-electron superconductors are known [7, 8] , many of them confirmed to be unconventional [1, 2, 9] .
Superconducting (SC) transitions in HF compounds are often assumed to be driven by non-local fluctuations of the fshell spin degrees of freedom. This idea finds support in the close connection between HF superconductivity and magnetic quantum phase transitions (QPTs) where such fluctuations are strong [3, 5, 10, 11] . Alternatively, pairing mediated by fluctuations in the charge channel (i.e., valence fluctuations) has also been discussed [12] . Given that the basic theoretical models for HF materials, the periodic Anderson model (PAM) and Kondo-lattice model (KLM), constitute complicated interacting many-body problems which cannot be solved exactly, theoretical descriptions of HF superconductivity often employ either simple static mean-field theories or effective models of fermions coupled to spin or charge fluctuations.
A rather successful approach to study the microscopic properties of correlated-electron lattice models beyond static mean-field or effective descriptions is the dynamical meanfield theory (DMFT) together with its cluster extensions [13, 14] . The lattice problem is mapped onto a self-consistent quantum impurity model at the expense of losing information on non-local correlation effects beyond the spatial size of the impurity cluster. Therefore, it is commonly assumed that a proper description of HF superconductivity within DMFTbased approaches requires either large enough clusters or the inclusion of a bath in the two-particle channel (which explicitly models a bosonic "glue" for superconductivity). In particular, within the conventional (single-site) DMFT only s-wave superconductivity occurs [15] and a relation to magnetic fluctuations appears highly unlikely.
In this Letter we report on the unexpected observation of a stable SC solution to the DMFT equations for the KLM without any external glue. Although the pairing symmetry is swave, the SC state is highly unconventional: Pairing is driven by local spin fluctuations; it comes with a strong frequency dependence of the gap function and requires the formation of HF bands as a prerequisite.
We note that a hint of the possible occurrence of local superconductivity was found in an earlier DMFT study to the PAM [16] which, however, did not analyze the SC phase but only normal-state instabilities. Static mean-field descriptions of the KLM or the PAM can also yield solutions with local pairing [17] [18] [19] , but it is difficult to assess their validity, as fluctuations beyond mean field may destroy pairing.
Model. Within the KLM the localized f-states are described by a (pseudo-)spin degree of freedom which couples to the conduction (c) electrons via an exchange interaction. We use the simplest version of the model, i.e., a nearestneighbor tight-binding conduction band with spin degeneracy only and a S = 1/2 spin located at each lattice site. The Hamiltonian reads † iα τ αβĉ iβ .
(1)
iσ denote annihilation (creation) operators of conduction electrons with spin σ at site i, and ., . denotes nearestneighbors.Ŝ i is the operator for the localized spin, τ the vector of Pauli matrices, and the interaction between the conduction electrons and the localized spin is modeled as an isotropic exchange coupling with J > 0. For simplicity, we will consider nearest-neighbor hopping t on the infinite-dimensional Bethe lattice, leading to a semi-circular density of states with bandwidth W . We have checked that using different lattice types (for example hypercubic or square lattice tight-binding) does not change the results qualitatively.
Methods. Within standard DMFT, the conductionelectron self-energy is approximated as local in space, Σ(k, ω) → Σ(ω). Then, the KLM maps onto an effective single-impurity Kondo model (SIKM) [4] which needs to be solved within a self-consistency loop. In this work we treat the effective SIKM using Wilson's numerical renormalization group (NRG) [20] . It allows one to access arbitrarily small energy scales, to calculate spectra directly on the real-frequency axis, and to work at both T = 0 and T > 0. We work with the discretization parameter Λ = 2.0, keep N st = 1000, . . . , 2000 states, and perform z-averaging with N z = 2 [20] .
To allow for solutions with SC order, we generalize the DMFT equations and the impurity solver to a Nambu formulation with 2 × 2 matrix propagators [20, 21] . This constrains our calculations to spin-singlet even-frequency s-wave superconductivity. The DMFT treatment of superconductivity is non-perturbative and thus goes beyond the standard Eliashberg theory [22] : it does not rely on any assumption about a separation of energy scales for the fermions and the bosonic glue responsible for the formation of superconductivity. At present, we restrict the calculations to SC order only, suppressing possible magnetic order. Our result below show that strong pairing occurs in a regime without magnetic order, justifying this neglect.
Results: Superconductivity at T = 0. Our numerical solution of the DMFT equations yielded, for a range of model parameters, stable SC solutions whose properties we discuss in the following. The conduction-band density of states (DOS) of both the paramagnetic normal (N) and SC solutions of the KLM for fixed conduction band filling n = 0.9 and different J are shown in Fig. 1 , left panels. The only feature of the N DOS is a hybridization pseudo-gap above the Fermi energy, signaling the formation of heavy quasiparticles, which can be rationalized within the picture of hybridized c and f bands. The N solution is unstable against superconductivity, where the DOS exhibits two additional features: (i) A true gap ∆ sc with well-developed van-Hove singularities is present around the Fermi energy; as a function of J, it first increases up to J/W = 0.5, and then slowly decreases. (ii) In addition to the SC coherence peaks, there are side resonances at positions which roughly scale with J. These structures are sharp for smaller J, but become increasingly washed out for larger J. These features are likely related to local spin fluctuations stabilizing the pairing, as discussed in the supplemental material.
As the appearance of a gap alone is not sufficient to identify the solution as a SC, one needs to look at the anomalous parts of the Nambu Green's function respectively the anomalous part of the self-energy. From it, a SC gap function can be defined, as in standard Eliashberg analysis, via
where Σ α (ω) denote the components of the electronic selfenergy expanded into Pauli matrices, To characterize the evolution of superconductivity across the phase diagram, we plot in Fig. 2 the anomalous expectation value Φ = ĉ i↑ĉi↓ , as a function of J and n. Superconductivity is found to be stable over wide regions of the phase diagram for J/W > 0.1. For a fixed J/W = 0.2, a finite Φ is found between 0.45 < n < 1. For larger J/W the SC re- gion extends to even lower fillings. A maximum of Φ appears around J/W = 0.3 and n = 0.9; the side-resonances are also the most pronounced for these parameters.
In Fig. 3 we display the evolution of Φ along two cuts along the phase diagram indicated by the white dashed lines in Fig.  2 . The analysis for weak Kondo coupling, J/W < 0.1, is difficult as the signatures of SC become very weak and hard to distinguish from numerical noise. Thus we cannot decide whether the SC solution ceases to exist for small J, or whether it survives down to J → 0 with an (exponentially) small pairing scale. (The latter would be expected in the weak-coupling limit of certain mean-field theories [19] .) For J W/2, on the other hand, we observe a decay consistent with Φ(J) ∝ 1/J. We will comment on this behavior further down.
Normal-state Fermi-liquid scale. In the normal state, the KLM realizes a heavy FL at low temperatures for n = 1, with a FL (coherence) scale T 0 . In a local self-energy approximation, T 0 can be efficiently extracted from the quasiparticle weight
. The evolution of T 0 with J and n is also depicted in Fig. 3 (a) and (b); we recall that for J → 0 the scale T 0 depends exponentially on both J and the bare c DOS, [23, 24] . For large J W/2 the dependence of T 0 on J significantly deviates form this Kondo form and rather tends to saturate as J → ∞. Finally, for fixed J and varying n we recover the known dependency T 0 ∝ n · e c·n [24] . These different types of behavior for T 0 (n, J) can be seen from the lines superimposed to the data in Fig. 3 .
Apparently, there does not exist a simple connection between T 0 and Φ. For small J Φ(n, J) seems to scale with T 0 . However, as noted before, the results for very small Φ become unreliable for numerical reasons, i.e. one cannot readily extract a simple relation between Φ and T 0 in this limit. For large J at n = 0.9, on the other hand, we do not see a direct relation between T 0 and Φ, but find Φ ∝ 1/J instead.
Competition with magnetism. Within the DMFT for the KLM, one also finds magnetic phases, namely antiferromagnetism (AF) close to half filling and ferromagnetism (FM) at small filling [25] [26] [27] . Note, however, that these phases have limited extent in both J and n, for example at n = 0.9 we find AF only for J < J c (n = 0.9) ≈ 0.2W [26] and FM only for n < n c (J/W = 0.2) ≈ 0.65 [27] . Thus, the region in parameter space where we find a strong superconducting phase in Fig. 2 seems to be complementary to the regions with magnetic phases. As the boundaries seem to overlap -in particular the SC phase at n = 1 lies inside the AF regime -it is surely interesting to study the competition respectively interplay of AF, FM and SC in detail. This is work in progress.
Results for T > 0. Estimating T c from the numerical data at finite T is hard, as close to the critical temperature the signatures of SC become very small and also the convergence of the DMFT rather slow. From the data in Fig. 4 we extract T c ≈ 0.0036W at n = 0.9 and J = 0.25W , which is well below T 0 . In Tab. I we collect the resulting estimates for T c for fixed n = 0.9 and several values of J in the region where according to Fig. 3 we have optimal conditions for pairing. As a rule we observe that always T c < T 0 , i.e. the HF state seems to be a necessary ingredient for the appearance of the SC phase. For small J this obviously leads to a strong suppression of T c . On the other hand, the gap Re∆(0) appears to be much less sensitive to J respectively T 0 in this regime. An interesting characteristic quantity is the ratio between the gap and T c . The results are given in the last row of Tab. I. Obviously, the ratio exceeds the BCS value ∆/T c ≈ 1.74 by a sizeable factor between 2 and 3. Such values are actually observed in HF superconductors [11] , although the interpretation there is usually given in terms of a weak-coupling theory for a d-wave state.
Pairing mechanism at strong coupling. In the strongcoupling limit, J > W , the pairing mechanism and behavior of Φ(J) can be understood perturbatively, Fig. 5 . We consider a conduction-band filling of n = N el /N s 1 on N s sites. For J/W → ∞ there are N el Kondo singlets and (N s − N el ) uncompensated local moments. The c electrons are mobile, such that the uncompensated moments can alternatively be interpreted as spinful c holes with density (1 − n) and a hard-core repulsion, forming the Fermi liquid with a coherence scale T 0 ∝ W ( whereas the impurity Kondo scale simply diverges ∝ J).
For large but finite J/W additional excitations out of this manifold are allowed. The lowest one consists of converting a singlet into a triplet and can be created by c (hole) hopping. Interestingly, the excited triplet may decay via a different neighboring hole provided that its spin is opposite to the first one. Together, this second-order virtual process leads to correlated hopping, with an energy gain ∝ W 2 /J, which binds two holes into a singlet state, Fig. 5 . The pairing is local -it occurs on the site of the virtual triplet -but the holes share this site only in the virtual triplet state, so that the pairing is strongly retarded.
It is plausible that this pairing mechanism continues to operate at smaller J. Importantly, the existence of the virtual state, whose energy may now be approximated by the Kondo binding energy T 0 , requires Kondo screening to be intact -this naturally explains the limitation T c < T 0 . The picture also makes clear that superconductivity is more favorable close to half filling: Here, Kondo screening is done by c electrons whereas the paired carriers are c holes (for n < 1). In contrast, in the opposite (exhaustion) limit of small n, Kondo screening becomes strongly non-local, and it is the same c electrons doing the screening that need to be paired, thus the pairing is weak. Summary. We have identified a novel mechanism for superconductivity in heavy-fermion materials: Local spin fluctuations due to the Kondo exchange coupling can act as a retarded paring interaction and drive s-wave superconductivity in the heavy FL. A particularly interesting feature is the appearance of structures in the tunneling DOS at scales related to the spin fluctuation spectrum, i.e. well separated from the coherence peaks at the gap edges. Such structures have been observed for example in recent STS measurements on iron pnictides [28] . It would be interesting, to extend such STS experiments to systematically study HF superconductors.
For model parameters relevant to HF systems, T c can be as large as several Kelvins, a typical T c scale for existing HF superconductors. However, given that pairing in our theory is s-wave, it can be ruled out for those materials where the existence of gap nodes have been established experimentally. More generally, it is an interesting question to what extent this mechanism can cooperate or will actually compete with SC driven by e.g. non-local magnetic fluctuations. To address this point numerical studies beyond DMFT will be required. Work along these lines is in progress.
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Bose condensation of the b i endows the f particle with a physical charge and leads to the standard picture of two hybridized electronic bands in the heavy Fermi liquid. Alternatively, the interaction can be decoupled in the particle-particle channel,
Importantly, condensation of the b i alone yields the same metallic HF state, due to the local U(1) gauge invariance. Superconductivity is generated by a simultaneous condensation of b i and b i which induces anomalous expectation values among the physical c electrons, c i↑ c i↓ = 0, and this breaks the physical U(1) electromagnetic symmetry [4] . The resulting state displays local s-wave pairing with a full gap. This mean-field description of Kondo-lattice superconductivity via two decoupling channels of the Kondo interaction has, however, obvious deficiencies. In particular, in the limit J/W → ∞ it yields strong pairing on the scale J; this result is incorrect as the Kondo interaction only causes spin singlet formation on this scale (but no Cooper pairing). In the opposite limit of small J, pairing in this mean-field theory becomes exponentially weak, with T c scaling as the singleimpurity Kondo temperature T K .
As an aside, we note that if one starts from an Anderson (instead of Kondo) lattice Hamiltonian, the f particles always carry a physical charge, such that only a mean-field decoupling in the particle-particle channel is required (in addition to the c-f hybridization) to induce superconductivity. Then, the resulting pairing may be understood as local c-f pairing [1, 2] .
LOCAL SPIN-FLUCTATION THEORY FOR PAIRING
Let us try to give an argument why for the KLM in DMFT the spin fluctuations can be a driving glue for superconductivity. To this end we use the approximate form of the pairing equations as given in [5] , and employ Hewson's renormalized perturbation theory [6] , i.e. we assume that we have a local Fermi liquid with correspondingly renormalized parameters. Note that this also means that the Kondo spin is now a dynamic quantity with a fluctuation spectrum living on the order of the Kondo scale. We do not use the usual approximation in the Eliashberg equations that all fermionic energies can be put to the Fermi energy, because all relevant energy scales are of the order of T 0 , including the spin fluctuation scale.
We are working within DMFT, i.e. all momentum dependencies can be ignored and the k sums for the Green's functions be performed using the non-interacting DOS. The equation for the gap can then be written as
where the kernel is given by
For the integral the principal value has to be taken and χ S (ω) is the imaginary part of the dynamical susceptibility of the Kondo spin. The constantg 2 collects the (unknown) coupling matrix element and some constant numerical factors.
At this point one usually assumes that ω, ω µ and puts ω ≈ ω ≈ 0, which then leads to
As χ(0) > 0, this kernel is repulsive and hence will not generate s-wave even-frequency superconductivity. As already mentioned, we here cannot safely assume ω, ω µ, since for our Fermi liquid µ →μ ∼ T 0 . We therefore must try to analyze the equation somewhat more carefully. To this end we nevertheless will assume that we are deep enough in the Fermi liquid phase so that temperature dependencies of the Fermi liquid parameters are negligible, and that -at least for a determination of T c -we can approximate Σ (12) (ω + i0
The estimate for the cut-off is taken from the evolution of the gap function in Fig. 1 . Since the gap is frequency independent, we can at least put ω = 0 andignoring the term with coth [5] -find a kernel
As final input we need the anomalous Green's function, which is given by
using the independence of the self-energy on momentum in DMFT. We replace Σ (12) (z) by our approximation and also set it to zero in the denominator, as we are interested in finding T c . Furthermore, the diagonal self-energies are to be replaced by the expressions for the local Fermi liquid, i.e.
where the effective chemical potentialμ and hybridizationṼ are both O(T 0 ). Using this self-energy expression in the normal phase leads to the well-known formation of heavy quasiparticle bands [6, 7] . In the following we further assumẽ µ = 0. With these simplifications we get
We can now perform the k-sum. To this end we assume a featureless DOS of the band states with value N F and use the wide-band limit to obtain
Putting everything together into the gap equation we arrive at
as equation to determine T c , where the integral has to be evaluated as principal value integral.
The kernel contains χ S (ω), which is shown in Fig. S1 . Although the kernel is negative for small ω and would be con- sidered repulsive in a standard calculation, the contribution from the anomalous Green's function within the approximation of a local Fermi liquid due to the Kondo effect is also negative for energies less than some constant times T 0 , hence the total contribution from the region ω ∈ [0, T 0 ] is positive. There is of course the pole, which has to be treated in the principal value sense, leading to a sign change for ω >Ṽ . Here it becomes important that χ S (ω) decays rapidly on a scale T 0 , too.
As very simple approximation let us assume that χ S (ω) ≈ χ S (0) Θ(ω 0 −|ω|), where ω 0 is some cut-off for the local spin fluctuations. According to Fig. S1 , a suitable cut-off would be again O(T 0 ). We restrict the discussion to T = 0, because if we cannot find a solution there, we will surely not find it for any T > 0. Under these conditions the integral on the right hand side of (S4) then evaluates to As long as ω 0 < √ 2Ṽ , the logarithm on the right hand side is negative, i.e. the total expression positive and hence one has a non-trivial solution to equation (S4).
Let us now use the numerical data for χ S (ω) and see, if the above rough arguments are compatible with them. As parameter we vary the effective hybridization between some small valueṼ T 0 to some large valueṼ T 0 . The result is shown in the inset to Fig. S1 . In both limits, the value of the integral is negative, hence no pairing is supported. However, in a reasonably large regime withṼ = O(T 0 ) one indeed obtains a positive value and hence the tendency to form Cooper pairs.
One thus needs two absolutely necessary ingredientshybridized bands with a small energy scale, and a spinfluctuation spectrum that decays on the same energy scale. Note that this result also predicts that one has to expect a strongly reduced T c for a phonon-mediated superconducting heavy-fermion state, as here the kernel enters with a negative sign from the outset (see e.g. [5] ), and hence the low-energy part of the integral now rather tends to suppress superconductivity.
We note that the above discussion -considering the various uncontrolled approximations -can neither be considered a proof of the existence of s-wave superconductivity, nor does it provide a reliable formula for estimating T c . For instance, we have assumed a frequency-independent gap, obviously inconsistent with the full numerical results in Fig. 1 . The discussion nevertheless gives a qualitative foundation for our results, namely that, contrary to common wisdom, spin fluctuations can lead to s-wave superconductivity, at least under the very special conditions met in heavy-fermion systems.
